Pompe disease is a progressive metabolic neuromuscular disorder resulting from deficiency of lysosomal acid ␣-glucosidase (GAA). Infantile-onset Pompe disease is characterized by cardiomyopathy, respiratory and skeletal muscle weakness, and early death. The safety and efficacy of recombinant human (rh) GAA were evaluated in 18 patients with rapidly progressing infantile-onset Pompe disease. Methods: Patients were diagnosed at 6 months of age and younger and exhibited severe GAA deficiency and cardiomyopathy. Patients received IV infusions of rhGAA at 20 mg/kg (n ϭ 9) or 40 mg/kg (n ϭ 9) every other week. Analyses were performed 52 weeks after the last patient was randomized to treatment. Results: All patients (100%) survived to 18 months of age. A Cox proportional hazards analysis demonstrated that treatment reduced the risk of death by 99%, reduced the risk of death or invasive ventilation by 92%, and reduced the risk of death or any type of ventilation by 88%, as compared to an untreated historical control group. There was no clear advantage of the 40-mg/kg dose with regard to efficacy. Eleven of the 18 patients experienced 164 infusion-associated reactions; all were mild or moderate in intensity. Conclusions: Recombinant human acid ␣-glucosidase is safe and effective for treatment of infantile-onset Pompe disease. Eleven patients experienced adverse events related to treatment, but none discontinued. The young age at which these patients initiated therapy may have contributed to their improved response compared to previous trials with recombinant human acid ␣-glucosidase in which patients were older.
Pompe disease, also known as glycogen storage disease type II or acid maltase deficiency, is a rare, progressively debilitating, and often fatal lysosomal storage disorder. Patients with Pompe disease have an autosomal-recessively inherited deficiency of the enzyme acid ␣-glucosidase (GAA), which hydrolyzes glycogen to glucose. This GAA deficiency causes glycogen to accumulate in multiple tissues, especially skeletal and cardiac muscle. Glycogen deposits disrupt muscle cytoarchitecture and function, causing progressive motor, respiratory, and cardiac dysfunction. 1 Patient age at the onset of Pompe disease symptoms and the rate of deterioration can vary considerably. 1 Patients with infantile-onset Pompe disease experience symptoms within the first year of life and progress rapidly to death. In other patients, symptoms are exhibited later and the disease progresses more slowly, but it is still associated with significant morbidity. Patients with early onset of symptoms typically manifest hypotonia, muscle weakness, and cardiomyopathy within the first months of life. The outlook for these patients is grim; they fail to acquire or lose motor developmental milestones, and cardiorespiratory failure and death usually occur before 1 year of age. [2] [3] [4] Slonim et al. 5 described a subset of infantile-onset patients with less severe cardiac involvement (i.e., less severe cardiomyopathy and a lack of cardiomegaly before the age of 6 months) who survived longer with ventilatory support. However, a recent retrospective chart review found early cardiomegaly even among first-birthday survivors. 6 In this historical cohort, early symptom onset was associated with early demise.
In early clinical trials, IV enzyme replacement with different forms of recombinant human (rh) GAA has improved survival, cardiac and respiratory function, and motor development in severely affected infants. [7] [8] [9] [10] [11] A subset of these treated patients achieved independent ambulation. In a recent trial of rhGAA derived from transfected Chinese hamster ovary cells, eight of eight infants showed cardiac improvement, six were alive, and five were free of invasive ventilation after 52 weeks of treatment, and five attained new motor milestones. 11 Of the three patients who eventually achieved the ability to walk independently, all had begun treatment prior to the age of 6 months, suggesting that early treatment may be critical for the optimal motor response to treatment. 11 In this multicenter, multinational, open-label, dose-ranging study, we examined the safety and efficacy of rhGAA treatment in a larger cohort of severely affected patients with Pompe disease who began treatment prior to 6 months of age.
Methods. Study design and treatment.
Local institutional review boards or independent ethics committees approved protocols and consent forms at each of 13 primary sites (six centers in the Untied States, five in Europe, one in Taiwan, and one in Israel). Parents or guardians gave written informed consent for patients ' participation. An independent data safety monitoring board reviewed safety; an independent allergic reaction review board was consulted, if required, for issues related to serious infusionassociated reactions (IARs).
Eligible patients had documented symptoms of infantile-onset Pompe disease, including skin fibroblast GAA activity Ͻ1% of the normal mean and hypertrophic cardiomyopathy (left ventricular mass index Ն65 g/m 2 by echocardiogram); they were no older than 26 weeks at enrollment. Exclusion criteria included respiratory insufficiency (O 2 saturation Ͻ90% or CO 2 partial pressure Ͼ55 mm Hg [venous] or Ͼ40 mm Hg [arterial] in room air or any ventilator use), a major congenital anomaly or clinically significant intercurrent illness unrelated to Pompe disease, or any prior GAA treatment. A total of 18 patients were studied.
Parents or legal guardians were informed that the protocoldefined stopping rules related to the occurrence of serious adverse events (AEs) and allowed for temporary or permanent patient discontinuation if the investigator, safety review board, and sponsor determined there was a significant risk to patient safety.
It was considered unethical to include a placebo group as part of the study design for the following reasons: 1) infantile-onset Pompe disease is a rapidly fatal disorder and 2) early clinical trials have shown that treatment with various forms of rhGAA can improve survival, cardiac and respiratory function, growth, and motor development in severely affected infants. [7] [8] [9] [10] [11] Thus, a historical control group of 61 severely affected infants 6 months old and younger was identified by applying the study inclusion and exclusion criteria to a group of 168 patients with infantileonset Pompe disease identified through a retrospective chart review. 6 The cohort included 168 patients from nine countries, 33 different sites, with birth dates ranging from before 1985 to 2002. 6 Drug effects on overall survival (with or without ventilator use) and invasive ventilator-free survival were compared between treated patients and this historical cohort; our group of 18 treated patients provided Ͼ98% power to detect a difference between treated and control groups. Table 1 summarizes the screening criteria applied to the original historical patient population in order for patients to be included in the historical control subgroup.
Alglucosidase alfa, which contains rhGAA produced in Chinese hamster ovary cells, was supplied by Genzyme Corporation. A simple randomization scheme was used to assign patients to the two dose groups. Upon confirmation that patients met all eligibility criteria and completion of pretreatment screening and baseline assessments, eligible patients were randomized in a 1:1 ratio to receive an IV infusion of either 20 mg/kg or 40 mg/kg of rhGAA every other week. Clinicians and patients were not blinded to the dose of rhGAA used. The total amount of rhGAA administered could be adjusted every 4 weeks to account for changes in body weight.
Clinical assessments of safety and efficacy. Patients were observed and their vital signs were monitored during rhGAA infusion and for 2 hours afterward. Safety assessments included evaluating blood and urine chemistry (data not shown), the occurrence and timing of the development of anti-rhGAA IgG antibodies (assayed at first rhGAA infusion and every 4 weeks thereafter), and the incidence and nature of AEs, including IARs.
Efficacy was measured by assessing survival, ventilator use, left ventricular mass by echocardiography, growth (weight and length), muscle GAA activity and glycogen levels, motor development (using the Alberta Infant Motor Scale [AIMS] 12 ), and level of disability (using an adaptation of the Pediatric Evaluation of Disability Index [PEDI] 13 developed for Pompe disease. 14, 15 Although not an efficacy endpoint, cognitive development (using Bayley's Scales of Infant Development, Second Edition [BSID-II]) was also serially evaluated. 16 Echocardiograms and glycogen content in muscle biopsy samples were centrally read by a pediatric cardiologist and a pathologist who were blinded to dose, patient, and time point. Motor and cognitive evaluations were centrally scored by a nonblinded central clinician.
Survival and ventilation data were analyzed up to 18 months of age, as compared to survival of the historical control group; all other efficacy data were analyzed with respect to changes from baseline after 52 weeks of treatment. The primary efficacy endpoint was the Kaplan-Meier 17 proportion of patients alive and free of invasive ventilation at 18 months of age. Safety data were analyzed for the duration of treatment. Because patients were enrolled over a period of 1 year, safety data ranged from 52 weeks for the last patient randomized to treatment to 106 weeks for the first patient treated with rhGAA.
GAA activity assay. Cultured skin fibroblasts and muscle biopsy tissue obtained from patients were assayed for GAA activity against 4-methylumbelliferyl ␣-d-glucoside in an assay similar to the method of Reuser et al. 18 and described in detail in Kishnani et al.
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Biochemical glycogen determination. Open quadriceps muscle biopsies were performed at baseline and weeks and week 52. Biopsy samples taken at weeks 12 and 52 were obtained 48 hours after the regularly scheduled rhGAA infusion for that visit. A 0.5 ϫ 0.5 ϫ 3-cm sample was taken from alternating sides at each time point under general, regional, or local anesthesia. Methods for glycogen quantification were performed as described in Kishnani et al. 11 Briefly, for biochemical analysis, muscle tissues were homogenized, centrifuged, boiled, and treated with amyloglucosidase to digest the glycogen. The glucose produced was quantified with a Glucose Trinder Kit (Sigma, St. Louis, MO).
Biochemical measurements of glycogen levels in skeletal muscle of normal children are not available. Therefore, changes in glycogen content were compared between baseline and week 52 within individual patients.
Anti-rhGAA antibody testing. Serum samples were taken prior to each infusion from initiation of therapy through week 24, and subsequently at weeks 38, 52, 64, 78, 90, and 104. As discussed above, different patients received different durations of rhGAA treatment, ranging from 52 to 106 weeks, depending on when they enrolled in the study. The presence of IgG antibodies to rhGAA was assessed using enzyme-linked immunosorbent assays and confirmed using radioimmunoprecipitation, as described in Kishnani et al. 11 Genotyping. DNA was isolated from the peripheral blood of patients and sequenced. GAA mutation analysis was determined by Genzyme Corporation, as described previously.
Cross-reacting immunologic material (CRIM) status. CRIM status was determined as described previously. 11 Briefly, cell lysates derived from patients' fibroblasts were subjected to Western blot analysis with a pool of monoclonal antibodies that recognize both native and recombinant GAA. A patient was considered to be CRIM positive if the presence of any of these forms of GAA was detected in samples prepared from patient fibroblasts in the Western blot assay.
Results. Disposition of patients.
A total of 20 patients were evaluated for eligibility to participate in this study (figure 1). Two patients were excluded from the study; one was determined not to have Pompe disease based on GAA activity levels. The other required ventilation during the baseline period before receiving any treatment. This patient was discontinued from the study because the use of any ventilation at the time of enrollment was an exclusion criterion but went on to receive rhGAA under an expanded access program.
As discussed previously, it was considered unethical to administer placebo treatment to patients in this study. The trial was designed to show a positive drug effect on survival, as compared to a historical control population. A retrospective review was performed on the medical records of an international cohort of 168 patients with infantileonset Pompe disease who did not receive treatment. 6 A subset of 62 patients (referred to as the historical control group) from within this cohort was selected based on the screening criteria for the clinical trial, including age at first symptoms, age at diagnosis, presence of cardiomyopathy by 6 months of age, GAA activity, and congenital abnormalities, as summarized in table 1. One of the 62 patients was excluded from the survival analyses because the date of death was unavailable. This historical control group of 61 untreated patients was used as a comparator population for the severely ill infantile-onset rhGAAtreated patients in this study.
Demographics. Demographic data are summarized in table 2. For rhGAA-treated patients, the median age at presentation was 1.0 month, 4.3 months at postnatal diagnosis (one patient was diagnosed prenatally), and 5.3 months at first rhGAA infusion. At enrollment, ages of patients born before 40 weeks were corrected for gestation. Patients in the clinical trial and historical control subjects All age calculations were corrected for gestation.
* "No" may include patients for whom data were unavailable. † Although 62 patients met the eligibility criteria for the historical control group, one patient was excluded because the date of death was unavailable.
LVMI ϭ left ventricular myocardial index.
had similar demographic profiles in terms of age, gender, and ethnicity, as shown in table 2. Survival and ventilator use. Survival. Fifteen of the 18 treated patients reached the age of 18 months by the end of the study; three patients were right-censored from this analysis because they had not reached the age of 18 months by the end of the study, although they were alive at that time (at ages 15.9 months, 17.9 months, and 14.4 months). This is in striking contrast to what was observed in the untreated historical control group, in which only one of 61 patients survived to the age of 18 months (1.9%; 95% CI: 0% to 5.5%). A Kaplan-Meier analysis of overall 18-month survival is shown in figure 2A Invasive ventilator use. Of the six patients who required ventilatory assistance, three patients (including one who had not reached the age of 18 months by the end of the study) required invasive ventilation beginning at 9.1, 9.2, and 15.0 months of age. Invasive ventilation was defined as requiring passive ventilation through an endotracheal tube or tracheostomy. The other two patients who had not reached the age of 18 months by the end of the study were right-censored from this analysis, although they were free of invasive ventilatory support at that time. The remaining 13 patients were free of invasive ventilatory support at the age of 18 months. Thus, the KaplanMeier invasive ventilation-free survival rate (the primary efficacy endpoint) was 88.9% (95% CI: 74.4% to 100%); far greater than the survival rate for untreated patients (figure 2B) .
Any ventilator use. Six patients, including one who had not reached the age of 18 months by the end of the study, required ventilatory support (invasive or noninvasive, beginning at ages ranging from 7.8 to 14.8 months). The other two patients who had not reached the age of 18 months by the end of the study were right-censored from this analysis, although they were free of any ventilatory support at that time. The remaining 10 patients were ventilator independent, for a Kaplan-Meier ventilator-free survival rate of 66.7% (95% CI: 44.9% to 88.4%) ( figure  2C ). Again, this is much higher than the overall survival rate in the untreated historical control group.
Cox proportional hazards analysis. A Cox proportional hazards analysis 19 with model terms of age at diagnosis, age at symptom onset, and treatment as a time-varying covariate was used to compare the risk of an event for treated patients to the untreated historical control group. rhGAA treatment was found to reduce the risk of death by 99% (hazard ratio of 0.01, 95% CI: 0.00 to 0.10, p Ͻ 0.001), the risk of death or invasive ventilation by 92% (hazard ratio of 0.08, 95% CI: 0.03 to 0.21, p Ͻ 0.001), and the risk of death or any type of ventilation by 88% (hazard ratio of 0.12, 95% CI: 0.05 to 0.29, p Ͻ 0.001).
Cardiac response. All patients had echocardiographic evidence of cardiomyopathy at enrollment. Additional Ejection fraction was also measured by echocardiography to provide a gross and noninvasive measure of ventricular function. At baseline, the mean ejection fraction was 51.2% (n ϭ 16, range 25.3 to 75.9%), and at week 52, the mean ejection fraction was essentially unchanged, at 54.9% (n ϭ 18, range 24.4 to 75.6%). It is important to note that measurement of cardiac function through noninvasive methods such as echocardiograms is imprecise in subjects with evidence of left ventricular hypertrophy. 20 More inva- 6 † Negative values are indicative of prenatal diagnoses. ‡ Note that ages at first infusion were corrected for gestational age in patients who were born before 40 weeks. § One patient was excluded from this analysis as date of death was unknown; a total of 55 of 61 (88.7%) patients died; six were right-censored. ¶ A total of 141 of 163 (86.5%) patients died; 22 were right-censored.
NA ϭ not applicable.
sive procedures to measure cardiac function were not used because of the risk associated with these procedures and the compromised state of many of these patients at study entry.
In patients with neuromuscular disorders and respiratory insufficiency, it can be difficult to specifically diagnose cardiac failure, as the symptoms for both are similar. As discussed above, echocardiographic evaluation by itself may not accurately reflect cardiac dysfunction in patients with left ventricular hypertrophy. The presence of clinical signs and symptoms of cardiac failure was evaluated at regular intervals by the investigators, who were asked to report AEs that were considered specific to or suggestive of cardiac failure. According to these criteria, two of 18 patients (11.1%) had findings compatible with cardiac failure prior to rhGAA administration (from screening to day 0), assessed as described above (Patients H and M, both assigned to the 20-mg/kg dose group). By week 52, no patients had findings compatible with cardiac failure; Patients H and M had recovered clinically.
Physical growth. Normal weight and length were considered as values above the third percentile. 21 Fifteen of the 18 patients maintained weight above the third percentile during treatment. The three patients who failed to maintain normal weight had weights below the third percentile prior to rhGAA treatment and were tube fed. In contrast, only two of the patients who maintained weight above the third percentile were tube fed. Notably, 53% of untreated infantile Pompe disease patients failed to thrive. 6 In terms of length, 15 of 16 patients maintained normal length-for-age percentiles during treatment.
Motor and cognitive development. Thirteen of 18 patients made consistent motor and functional gains on the Alberta Infant Motor Scale from baseline to week 52 (data not shown). Seven of these patients were considered to be walkers as they were able to walk independently by week 52. Three patients could pull to stand independently and walk with hands held by week 52; these patients were considered to be standers. Three patients could roll and sit independently, but were unable to bear weight through the legs and were therefore designated as functional sitters. The remaining five patients did not make substantial gains in AIMS scores from baseline to week 52.
The Pompe PEDI was specifically designed to evaluate functional skills in patients with Pompe disease 14, 15 and includes three content domains: mobility, self-care, and social skills. The seven patients designated as walkers based on the AIMS assessments also acquired the most Kaplan skills in the Pompe PEDI, including (but not limited to) such skills as self-feeding, playing independently, climbing stairs, and naming objects. The three patients designated as standers also made substantial gains in all three domains of the Pompe PEDI, although they did not acquire as many skills as the walkers. The three patients designated as functional sitters demonstrated modest gains on the Pompe PEDI. These patients acquired skills like head control and independent play with objects in a sitting position, as well as some basic communication skills. The remaining five patients did not make substantial gains in the AIMS or the Pompe PEDI assessments. A summary of the gains made by the all patients in each content domain of the Pompe PEDI are shown in figure 4 .
All patients acquired cognitive, language, and personal/ social development skills during the 52-week treatment period, although some patients acquired these skills more slowly than same-age peers. For example, by week 52, nine of the 17 patients (53%) who were evaluated with the BSID-II at baseline and at week 52 had mental development index (MDI) scores within normal limits (85 to 115), whereas four patients had MDI scores indicating mildly delayed performance (70 to 84), and four patients had MDI scores consistent with significantly delayed performance (Յ69) (data not shown). It is important to note that the motor involvement typical of patients with Pompe disease interferes with the assessment of integrated oral-motor and fine-motor skills required for the administration of the BSID-II. In addition, hearing loss, which was recently recognized as a complication of infantile-onset Pompe disease, 22 could interfere with cognitive testing. Muscle GAA activity and glycogen content. We assayed GAA activity and glycogen content in quadriceps muscle biopsy specimens taken at baseline and weeks 12 and 52. At baseline, mean quadriceps GAA activity was 1.22 mmol/ h/g (n ϭ 18, range 0.0 to 8.8); in 15 patients, activity was below quantifiable limits (Ͻ3.3 nmol/h/g tissue). Overall, GAA activity increased markedly during treatment to a mean value of 205 mmol/h/g (n ϭ 16, range 49.0 to 1,298.3). This effect was larger in the 40-mg/kg dose group than in the 20-mg/kg dose group. In the 40-mg/kg dose group, mean GAA levels increased from 0.00 to 310.05 nmol/h/g, whereas in the 20-mg/kg dose group, mean GAA levels increased from 2.43 to 100.30 nmol/h/g. GAA activity levels in individual patients at baseline and week 52 are shown in table 3.
Baseline muscle glycogen content (measured biochemically) ranged from 1.2 to 11.3 mg/g tissue (wet weight). Fifteen of the 17 patients who had glycogen levels evaluated at week 52 exhibited stable (Ϯ20%) or decreased muscle glycogen content (Ͼ20% glycogen depletion) as compared to baseline. Twelve of these 15 patients made motor gains during the 52-week treatment period, as shown in table 3. None of the three patients whose muscle glycogen content increased Ͼ20% from baseline during treatment showed any meaningful motor improvements.
Adverse events/infusion-associated reactions. Eleven of the 18 patients in this study experienced 164 IARs, which were defined as treatment-related AEs that occurred following infusion onset up to and including the postinfusion observation period. All the IARs were assessed as mild or moderate in intensity; none were severe. The most common IARs were rash (24 events), fever (23 events), urticaria (22 events), and decreased oxygen saturation (18 events). Overall, IARs occurred in the following organ systems: skin (urticaria, rash, erythema, livedo reticularis, and pruritus); respiratory (cough, tachypnea, rales, decreased oxygen saturation); gastrointestinal (vomiting, retching, gastroesophageal reflux); cardiac (tachycardia, cyanosis, decreased heart rate); vascular (flushing, hypertension, hypotension, pallor); psychiatric (agitation, irritability, restlessness); nervous system (tremor), and general disorders (fever and rigors). IARs were typically managed by slowing or interrupting infusions, and all 11 patients who experienced IARs recovered without sequelae. No patient discontinued treatment because of IARs or AEs.
One patient (Patient D) died of desaturation and bradycardia following hospitalization for treatment of respiratory distress and pneumonia at study week 61 (at the age of 19.8 months), after the patient had completed 52 weeks of treatment, but before the study ended. The death was assessed as being unrelated to rhGAA treatment. The most prominent histologic findings on autopsy were the presence of glycogen in skeletal muscle (various samples from upper and lower extremities and the diaphragm) and cardiomyocytes. Glycogen was also evident in the smooth muscle cell layers of the gastrointestinal tract, particularly upper esophagus and stomach. Lesser amounts of glycogen were present in vascular smooth muscle cells of arteries and Schwann cell cytoplasm of nerves (chordae equina). Additionally, brain tissue revealed periodic acid-Schiff (PAS)-positive material in vascular smooth muscle cells of a small arteriole and occasional PAS-positive material in Schwann cell cytoplasm.
Antibody responses. Individual patients' rhGAA titers during the treatment period are shown in figure 5 . Sixteen of the 18 patients developed IgG antibodies to rhGAA. One patient was seropositive at baseline, suggesting preexisting cross-reactivity; and two patients remained seronegative throughout the study. Nine of the remaining patients seroconverted by week 4, another four patients seroconverted by week 8, one patient seroconverted by week 12, and one patient seroconverted at week 64. One patient (Patient L), who developed high titers of IgG, tested positive for inhibitory antibodies at weeks 52 and 64 of treat- * A change in glycogen content was designated as increased or decreased if the percentage of change from baseline was Ͼ20%. Patients with glycogen levels within 20% of their baseline values were designated as stable. † Motor status was determined by assessment of motor milestones. ‡ Patient H underwent a skeletal muscle biopsy at week 67 because the patient was too ill to undergo the procedure at week 52 BQL ϭ below quantifiable levels (Ͻ3.3 nmol/h/g tissue); ND ϭ not determined. week 52. Similarly, glycogen levels in skeletal muscle as measured by biochemical analysis also showed a trend for greater reductions in the 40-mg/kg group (median decrease 75.0% from baseline) as compared to the 20-mg/kg dose group (median decrease 45.2% from baseline). Similar numbers of patients in each dose group experienced IARs; however, the five patients in the 20-mg/kg dose group experienced a total of 41 IARs and the six patients in the 40-mg/kg dose group experienced a total of 123 IARs. Most of the IARs (69.5%) were experienced by three patients who had recurrent reactions: one in the 20-mg/kg dose group and two in the 40-mg/kg dose group. Of the patients who experienced IARs, those in the 40-mg/kg group had more symptoms per infusion during which IARs occurred than those in the 20-mg/kg dose group; however, these events were generally similar in nature in the two dose groups.
Genotyping and CRIM status. Mutations in the GAA gene were analyzed in 15 patients (30 alleles). Eleven novel mutations were identified. Each of the 15 patients with GAA gene mutation data had a unique combination of GAA mutations; therefore, it was not possible to draw conclusions regarding the effect of specific GAA mutations on efficacy outcomes. The genotyping data will be presented in detail in a separate study (manuscript in preparation). Three of the 18 patients (Patients C, L, and R) were CRIM negative as determined by Western blot; the remaining 15 patients were CRIM positive.
Discussion. This study examined the safety and efficacy of IV rhGAA treatment at 20 or 40 mg/kg every other week for 52 weeks in 18 patients with severe infantile-onset Pompe disease. Safety data were analyzed for the duration of treatment (ranging from 52 to 106 weeks, depending on when the patient was enrolled). Our inclusion criteria were designed to select the most severe end of the phenotype spectrum of Pompe disease, both in degree of GAA deficiency 2 and in the presence of cardiomyopathy.
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The clinical endpoints, survival (with and without invasive or any ventilation), left ventricular mass decrease, and motor development, are in accord with the known natural history of the disease 2, 6 A previous clinical trial with another form of rhGAA showed that patients who started treatment before the occurrence of extensive muscle damage had better motor outcomes than patients who began treatment at more advanced stages of disease progression. 11 Therefore, we enrolled patients who were aged 6 months or younger at the onset of treatment.
Pompe disease is progressively debilitating and often fatal. For patients with the most aggressive form of the disease, such as those enrolled in this study, death from cardiac and/or respiratory failure typically occurs before 12 months of age.
1,2,6 rhGAA treatment markedly extended survival and improved respiratory performance in these patients. Fifteen of the 18 patients reached the age of 18 months at the end of the study period. The three patients who were right-censored from the survival analysis were all alive at the end of the study (at ages 15.9, 17.9, and 14.4 months). In contrast, only one of 61 historical control patients survived to the age of 18 months. Six of the 18 patients in the study required some type of ventilator support (three invasive, three noninvasive) at 18 months of age. Our comparisons of invasive-ventilator-free or ventilator-free survival in treated patients to overall survival in the control group of untreated patients represent a conservative approach; large treatment vs control differences in these endpoints were confirmed through numerous sensitivity analyses (data not shown). In addition, a Cox proportional hazard analysis demonstrated that rhGAA treatment reduced the risk of death by 99%, reduced the risk of death or invasive ventilation by 92%, and reduced the risk of death or any type of ventilation by 88%, as compared to the untreated historical control group (all significant with p Ͻ 0.001).
Echocardiographic measurements showed that rh-GAA treatment markedly improved cardiomyopathy (i.e., left ventricular mass reduction) in all patients with 52-week follow-up data (n ϭ 15). This response to treatment is similar to what has been observed in previous clinical trials with rhGAA enzyme replacement therapy (ERT) [7] [8] [9] [10] [11] and suggest that rhGAA treatment effectively reduces glycogen accumulation in human cardiac tissue. In contrast, cardiomyopathy and massive cardiomegaly lead to fatal cardiorespiratory failure in a majority of untreated patients. 2, 6 . Given that cardiorespiratory failure is one of the primary causes of death in patients with infantile-onset Pompe disease, 1,2,6 the improvement in cardiomyopathy observed in response to rhGAA treatment almost certainly contributes to the prolonged survival.
Infantile-onset Pompe disease is characterized by profound muscle weakness, which generally involves substantial hypotonia and flaccidity, and is often referred to as floppy baby syndrome. 1 Patients treated with rhGAA exhibited motor development that progressed well beyond the point at which it becomes arrested in untreated patients. 2, 6 In striking contrast to the nonattainment or loss of motor skills in patients in the untreated historical control group, 13 of the 18 treated patients acquired substantial motor and functional skills as assessed by the AIMS and Pompe PEDI tests. These skills, including independent ambulation, represent a much more advanced stage of motor development than what is typically observed in untreated patients. 2, 6 The remaining five patients exhibited few motor and functional gains over the 52-week treatment period. However, all five of these patients had very little, if any, residual motor function at baseline and required some type of ventilation during the 52-week treatment period, which indicates an advanced stage of muscle involvement, including the respiratory muscles. Overall, the 18 patients in this study made more motor gains than patients in previous clinical trials with rhGAA ERT, [7] [8] [9] [10] [11] possibly because ERT was initiated at such an early age (and therefore at an earlier stage of disease progression) in this study.
rhGAA treatment greatly increased skeletal muscle GAA activity in all patients, but to a greater degree in patients receiving 40 mg/kg rhGAA than in patients receiving 20 mg/kg rhGAA. Fourteen of the 17 patients who had glycogen levels evaluated at week 52 exhibited stable or decreased muscle glycogen content as compared to baseline, as determined biochemically. Twelve of these 14 patients made motor gains during the 52-week treatment period. None of the three patients whose muscle glycogen content increased during treatment showed any meaningful motor improvements. These findings suggest an association between the stabilization of or reduction in skeletal muscle glycogen content and improvements in motor function in most, but not all patients. These results are consistent with previous findings, showing that increases in GAA activity levels in a muscle group do not always correlate with glycogen clearance in that muscle and glycogen reduction in a given muscle cannot be generalized to other muscle groups.
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No patients discontinued the rhGAA treatment due to unmanageable infusion-associated reactions, similar to what has been observed in previous clinical trials with another form of rhGAA ERT. [7] [8] [9] [10] [11] IARs experienced were managed with rate reductions, interruptions of rhGAA infusions, or symptomatic treatment, such as antihistaminics, acetaminophen, or glucocorticosteroids.
Similar numbers of patients in each dose group experienced AEs and IARs, although more IARs (75.0%) were experienced by the group of patients assigned to the 40-mg/kg dose than by those assigned to the 20-mg/kg dose of rhGAA. Patients receiving the 40-mg/kg dose of rhGAA tended to develop a more robust antibody response, experienced more IARs, and, when experiencing IARs, had more symptoms than the patients in the 20-mg/kg dose group. The timing of the first occurrence of IARs did not closely coincide with the timing of seroconversion or the magnitude of anti-rhGAA IgG titers. There was no clear advantage of the higher dose on efficacy.
Three of the 18 patients in this study were CRIM negative (Patients C, L, and R). By week 52, Patient C had learned to walk, Patient L had learned to stand, and Patient R had made no motor gains. In a previous study of three patients with infantile-onset Pompe disease, two patients who gained and then lost motor skills were CRIM negative, whereas the third, CRIM-positive patient in that study steadily gained motor milestones. 7 However, a study of four patients with infantile-onset Pompe disease (one of whom was CRIM negative) who were treated with rhGAA derived from rabbit milk did not find an association between CRIM status and motor development. 23 Although the total number of patients studied remains small, increasing evidence suggests that CRIM-negative patients are more likely to develop a higher, more sustained immunologic response against rhGAA than CRIM-positive patients and potentially a more limited duration of clinical benefit after rhGAA administration. In the current study, one of the 18 patients developed antibodies that inhibit in vitro rhGAA enzyme activity, which may represent a mechanism of antibody interference in humans. The presence of inhibitory antibodies has previously been observed in patients who have received ERT to treat other lysosomal storage diseases, such as Gaucher and Fabry disease, although it is an uncommon occurrence. [24] [25] [26] [27] Clearly, these observations cannot be considered conclusive, as the total number of CRIM-negative patients studied to date is quite limited. In addition to CRIM status and the development of inhibitory antibodies, it is important to note that other factors, such as rate of disease progression and residual functional status at onset of rhGAA treatment, may affect clinical outcomes in patients with infantile-onset Pompe disease. Thus, long-term follow-up is warranted in order to provide a better understanding of the response to ERT.
This study includes the largest cohort of patients with Pompe disease treated with ERT to date. These findings show that rhGAA treatment clearly prolongs ventilator-free survival and overall survival in patients with infantile-onset Pompe disease as compared to an untreated historical control population. Furthermore, this study demonstrates that initiation of ERT prior to 6 months of age, which could be facilitated by newborn screening, shows great promise to reduce the mortality and disability associated with this devastating disorder.
